Batch experiments were conducted to examine the influence of various process parameters on phosphorus (P) recovery by struvite formation from urine. The results showed that the Mg/P molar ratio is one of the most important parameters affecting P recovery. The Mg/P molar ratio of 1.3 was found the most reasonable for struvite formation, and the P removal efficiency reached more than 96.6%. An increase in pH of urine solutions from 8.7 to 10.0 did not significantly affect P removal, but the quality of crystal formed at pH 10.0 was poor based on scanning electron microscopy analysis.
INTRODUCTION
Phosphorus (P) recovery from wastewater streams has attracted increasing interest because of its rapid consumption. Human urine contains up to 50% of the total P loads in municipal wastewater, with less than 1% of the total wastewater volume (Larsen & Gujer ) . Thus, urine separation has a major impact on nutrient recovery and on lowering the emissions to water bodies. Struvite (MgNH 4 PO 4 ·6H 2 O), a slow-release fertilizer in agriculture, has been proven an effective method for recovering P from urine (Ronteltap et al. ) .
Several studies have examined struvite formation in wastewater and urine (Lind et al. ; Stratful et al. ; Wilsenach et al. ; Rahaman et al. ; Liu et al. ) , and some of them revealed that various parameters affect the struvite precipitation process from wastewater, including pH, Mg/P molar ratio, precipitation time, mixing degree, temperature and seed crystals. The results showed that P removal efficiency increases with increasing pH (Ohlinger et al. ; von Münch & Barr ) . Seeding material and optimal mixing conditions have been shown to achieve maximum removal in less than 30 min, resulting in pure struvite crystals (Wang et al. ) . Several research groups also have studied the behavior of struvite from urine in the laboratory (Lind et al. ; Liu et al. ) and pilot scales (Ronteltap et al. ) . However, adequate information about the influence of various parameters on P recovery from urine is still lacking in those literatures. This study aims to identify the optimum operating conditions necessary for nutrient recovery from urine in a bench scale. The results would contribute to the design of the stirred reactor and its optimal process conditions in the future.
MATERIALS AND METHODS

Struvite precipitation experiments
Hydrolyzed urine was collected from the storage tank installed at the dry urine-separating toilet in Taishitun Village in Miyun County, Beijing, China. The pH of hydrolyzed urine was 9.20 ± 0.10, ammonium-nitrogen (NH 4 þ -N) concentration 6,757 ± 367.9 mg/L and ortho-phosphate concentration (PO 4 3À -P) 256 ± 8.6 mg/L. Four replicate runs of struvite precipitation experiments, each having identical initial concentrations of PO 4 3À -P and NH 4 þ -N, were conducted. The experiments were carried out in 500 mL beakers, and 300 mL urine was sampled for struvite formation. Magnesium (Mg) was added as magnesium chloride solution (1 mol/L), and mixed using a propeller stirrer. The basic reaction parameters were set as follows: Mg/P molar ratio: 1.3; pH: 9.20; mixing speed: 160 r/min; mixing time: 10 min; and precipitation time: 120 min. The remaining parameters were kept constant, while one was changed. Solution pH was adjusted with 40% sodium hydroxide solution and 5% sulfuric acid solution. Three replicate runs were conducted in the second set of struvite formation experiments, in which a comparison in the seeding technique was made between four separate runs to determine the influence of seed crystals. Keeping all other parameters constant, 0.9 g of four different seed crystals were added to the urine samples before the precipitation reaction, including struvite crystal (70 to 150 μm), quartz (250 to 500 μm), zeolite A (70 to 150 μm) and zeolite B (250 to 500 μm).
Urine samples for measurement were prepared to stop the crystallization process. The samples were filtered with 0.45 μm Millipore filter, preserved to a pH value of 2 with 5% sulfuric acid solution and then stored at 4 W C for analysis.
The collected precipitate was then dried in an oven at 40 W C for 48 h. All experimental runs were performed at 22 ± 1.0 W C.
Analytical methods
The pH of the samples was measured immediately using a HI98185A type pH meter (HANNA, Italy). Approximately 0.10 g dried precipitate obtained from the precipitation experiments was dissolved completely in 100 mL 5% hydrochloric acid solution. The PO 4 3À -P and NH 4 þ -N were analyzed with colorimetric analysis according to the Standard Methods of the American Public Health Association (). Elemental potassium (K), sodium (Na), calcium (Ca) and Mg were analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES, Leeman Prodigy, USA). High-resolution images of the growing crystals were taken using a HITACHI (Japan) scanning electron microscopy (SEM).
RESULTS AND DISCUSSION
Mg/P molar ratio
With all other parameters constant, the P removal efficiency increased with increasing Mg/P molar ratio, as described in Figure 1 (a). P removal efficiency was nearly 85.0% at a Mg/P molar ratio of 1.0 but reached more than 96.0% at a Mg/P molar ratio of 1.3. The results are similar to those obtained in previous studies on wastewater (Stratful et al. ; von Münch & Barr ) . This trend might be attributed to the increase in the degree of saturation with respect to struvite with an increase in the Mg/P molar ratio which, in turn, enhanced the P removal efficiency (Adnan et al. ) . It is known that struvite precipitation occurs when the Mg, NH 4 þ -N and PO 4 3À -P activities exceed the thermodynamic solubility product of struvite (Bhuiyan et al. ) . Thus, an excess of Mg may be required to drive all available phosphate from the solution (Stratful et al. ) . However, the residual P concentration did not retain a perceivable decrease above a Mg/P molar ratio of 1.3. Figure 1 (a) shows that the difference of P removal efficiency under Mg/P molar ratios 1.3 and 1.6 was minimal. Bhuiyan et al. () also found that a Mg/P molar ratio of 1.3 is reasonable for struvite formation from wastewater. Considering the need to avoid excessive cost, the Mg/P molar ratio of 1.3 was determined sufficient for P removal from urine.
pH
The pH at which struvite may precipitate is an important factor influencing the crystallization process because it is linked to solubility and supersaturation (Le Corre et al. ). Experiments were performed at pH 8.7 to 10.0 to assess the impact of pH on P removal. Results indicated that the P removal efficiency exhibited an increasing trend with an increase in pH from 8.7 to 9.7 (Figure 1(b) ). At pH 8.7, 97% of the phosphate was incorporated into the crystals, whereas the percentage reached nearly 99.0% at pH 9.7. Harada et al. () used an equilibrium model to predict that the optimum pH at which to form struvite in urine was between 9.4 and 9.7. Our results were in accordance with this model. The increasing trend may be caused by the decrease in the solubility of struvite with increasing pH (Michalowski & Pietrzyk ) , thereby increasing struvite saturation in the urine. However, a slight decrease in P removal efficiency occurred when the pH increased from 9.7 to 10.0. Le Corre et al. () reported an increase of pH from 10.0 to 10.5 favored the formation of Mg 3 (PO 4 ) 2 ·22H 2 O over struvite from wastewater. Thus, a urine pH that was too high would inhibit struvite formation, resulting in lower P removal efficiency and impurities in the struvite crystals. Struvite triggers a release of protons in the solution during its precipitation, thereby lowering the pH (Le Corre 2013 et al. ). The reaction is given as follows:
Struvite yield is affected by the decrease in pH during struvite formation in wastewater (Stratful et al. ) . However, hydrolyzed urine has strong buffer capacity (Liu et al. ) . The urine pH decreased by 0.1 units after struvite reaction in this study. Thus, the formation of hydrogen had little influence on the urine pH. Given that the hydrolyzed urine pH is more than 9.0, struvite formation in urine is a reliable stable process that does not require any pH control.
Mixing intensity
The P removal efficiency increased from 93.6 to 96.7% when the mixing speed increased from 80 to 160 r/min, whereas no change was observed when the mixing speed increased from 160 to 240 r/min (Figure 1(c) ). Figure 1(d) shows that the P removal efficiency exhibited an increase trend with increasing mixing time from 0 min to 30 min. The P removal efficiency was 72.7% without stirring after 120 min precipitation time. After 5 min of mixing with a propeller stirrer, the P removal efficiency was more than 97.3%, whereas it reached as high as 99.0% after 30 min of mixing. It is indicated that mixing time is more effective for P removal than mixing speed. Kim et al. () investigated the influence of mixing intensity and mixing duration on struvite formation, reporting that the mixing enhanced the transfer of mass from the solute to the crystals, resulting in improved struvite crystallization and growth. Thus, theoretically, an increase in the mixing speed improves crystal growth and increases the P removal efficiency. However, Ohlinger et al. () showed that varying the mixing speed from 360 to 1,060 r/min to maintain constant supersaturation levels only reduced the induction time by about 10 s, suggesting that transport () also found that mixing speed had practically no influence on the precipitation efficiency in synthetic urine solution. Our results indicated that increasing the mixing speed from 160 to 240 r/min had little influence on P removal efficiency. Meanwhile, the P removal did not show obvious change while the mixing time increased from 5 to 30 min, which shows that struvite formed quickly. Actually, high mixing speed accelerated the nucleation rate and limited crystal growth but increased crystal breakage (Durrant et al. ) , thereby decreasing the P removal efficiency. Therefore, an adequate mixing intensity enhances the P removal efficiency. In this study, a mixing time of 5 min and a mixing speed of 160 r/min were deemed acceptable for P removal from urine.
Seed crystals
The P removal efficiencies with addition of seed materials were shown in Figure 2 . No obvious change in the P removal efficiency with time was observed with adding different seed materials. Rahaman et al. () also found that adding struvite as seed crystal had very little influence on struvite formation, and the reason could be the rapid attainment of equilibrium and nuclei formation before growth could take place on the surface of the seed particles. The specific surface area of the seed is possibly one of the factors influencing P removal efficiency (Ohlinger et al. ) . A seed with a larger specific surface area and, thus, a smaller size, can promote P removal and enhance struvite crystallization by providing adequate reaction surface. However, our results suggested no difference in the residual P concentration was observed while adding zeolites A and B. The P removal efficiency showed a slight increasing trend with a longer reaction time, but did not change significantly beyond 30 min precipitation time. Le Corre et al.
() also revealed that retention time had no major influence on the P concentration. This result may be attributed to the fact that the reaction of struvite crystals in solution is completed within several minutes, which indicates the rapid formation of crystals (Booker et al. ) . Therefore, 30 min precipitation time would be optimal for struvite formation in urine. Table 1 shows a comparison of the average compositions of struvite crystals under different process parameters, as well as the theoretical composition of pure struvite. The crystal samples were analyzed for P, N, Mg, Ca, K and Na contents.
Struvite purity
Under pH values of 8.7, 9.2 and 10.0, the main impurity found in the struvite crystals was K, which was present only at an average of 0.14, 0.19 and 0.20% by weight, respectively. Under different Mg/P molar ratios (1.0, 1.1 and 1.3), the main impurities found in the struvite crystals were K and Na, which were present only at an average of 0.31%, 0.19%, 0.21% and 0.19%, 0.08%, 0.01% by weight, respectively. The crystals obtained from this experiment were close to the theoretical composition of pure struvite. Our results showed that at least 99.5% of the crystals produced were struvite by weight. Therefore, high-purity struvite has the potential for use as fertilizer in the future.
Morphology of struvite crystals
The morphology types of struvite ranged from rod-like crystals and dendritic crystals to X-shaped crystals (Babić-Ivancǐć Figure 3 shows SEM images of struvite formation under different pH, which were mainly rod-like or needle-like. Ronteltap et al. () found that struvite morphology in urine was mainly X-shaped branched crystals. Typical needle-like crystals were found in urine struvite precipitation with an outward flow device by Wilsenach et al. () . At pH 10.0, the visual observation of the crystal shapes (Figure 3 (c)) indicated that the precipitation processes changed at higher pH. The particle distribution was less compact at 10.0 than at pH 8.7 and 9.2. Meanwhile, the crystals at pH 10 were brittle, and the size was rather small. Thus, the pH value plays a major role in determining struvite crystal quality, and poor quality crystals were produced when operated at pH values exceeding a certain pH value (Adnan et al. ) . Poor quality struvite is detrimental to the crystal growth and formation of larger struvite crystal. The morphology of struvite with addition of seed materials was shown in Figure 4 . The morphology of the struvite crystals varied when different seeds were added. The struvite crystals assumed a dendritic shape with addition of struvite (Figure 4(b) ). With addition of quartz sand, some struvite crystals attached to the large-sized sand, whereas others maintained their rod-like or needlelike shape. Our results are in good agreement with the research by Ali & Schneider (). The magnified view described in Figure 4 (c) shows a clear image of struvite growth in the presence of quartz sand seeds, and tiny dendrite-shaped struvite crystals were formed clinging to quartz seeds, while others remained as separate crystals instead of layering onto the quartz sand surface (Figure 4(d) ). The shorter and bulkier crystals improved compaction compared with the longer and thinner crystals. This phenomenon can be observed in Figures 4(b) , 4(e) and 4(f). The clustered ones were regarded as good crystals (Adnan et al. ) . From an economic point of view, large crystals should be achieved to facilitate the recovery, transport and commercial operations of the final product (Pastor et al. ) . Therefore, good quality crystals can be obtained from struvite formation for nutrient recovery with addition of seed materials.
CONCLUSIONS
The bench experiments revealed that P recovery from human urine is affected by various parameters in the struvite precipitation process. The Mg/P molar ratio of 1.3, mixing speed of 160 r/min, mixing time of 5 min and precipitation time of 30 min are the optimal process conditions for struvite recovery, under which P removal efficiency can reach above 96.0%. The pH value need not be adjusted for struvite formation in hydrolyzed urine due to strong buffer capacity. The addition of seed materials had no influence on the P removal efficiency, but contributed to the formation of struvite clusters. Optimization of parameters for struvite formation can provide support for the design of the stirred reactor and make the struvite formation cost effective in the future. 
